
 
REPORT DOCUMENTATION PAGE 

 

 
Form  Approved  

                           O M B NO . 0704-0188 

Pu b lic R eporting burden for th is  collection of inform ation is  e s tim ated to average  1 h our pe r response , including th e  tim e for review ing ins tructions , search ing exis ting data 
sources , gath ering and m aintaining th e  data needed, and com ple ting and review ing th e  collection of inform ation.  Send com m ent regarding th is  burden es tim ates  or any oth er 
as pe ct of th is  collection of inform ation, including sugges tions  for reducing th is  burden, to W ash ington H eadq uarte rs  Services , Directorate  for inform ation O perations  and 
R eports , 1215 Je ffe rson Davis  H igh w ay, Suite  1204, Arlington, VA 22202-4302, and to th e  O ffice  of M anagem ent and Budge t, Paperw ork  R eduction Project (0704-0188,) 
W ash ington, DC 20503. 
1. AGENCY USE ONLY ( Leave Blank) 
 
 

2.  REPORT DATE                 
Oct. 2003 

3.  REPORT TYPE AND DATES COVERED 
       Final Report, 2000-2003 

4.  TITLE AND SUBTITLE 
      Micromechanical Origins and Design Implications of 

Damage Tolerance in Ti3SiC2 

5.  FUNDING NUMBERS 
     C DAAD19-00-1-0435 
      

6.  AUTHOR(S)   
     M. W. Barsoum and S. R. Kalidindi 
      

      
      
      

7.  PERFORMING ORGANIZATION NAME(S) AND  ADDRESS(ES) 
        Department of Materials Engineering 
        Drexel University, Philadelphia PA 19104 
      

8.  PERFORMING ORGANIZATION  
     REPORT NUMBER          
 

9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
    U. S. Army Research Office 
    P.O. Box 12211 
    Research Triangle Park, NC 27709-2211 

10.  SPONSORING / MONITORING 
       AGENCY REPORT NUMBER   
      
40383.1-MS      
      

11.  SUPPLEMENTARY NOTES 
      The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an 
official Department of the Army position, policy or decision, unless so designated by other documentation. 
 
12 a.  DISTRIBUTION / AVAILABILITY STATEMENT 
 
          Approved for public release;  distribution unlimited. 
 

12 b.  DISTRIBUTION CODE   
      
      
                    

13.  ABSTRACT (Maximum 200 words) 
                                                                                                                                                                                                                                                               
The goals of the proposed work were to elucidate the microstructural and atomic origins of the mech-
anical properties exhibited by Ti3SiC2. The focus is on the micro-mechanisms of inelastic deformation 
and their contribution to the damage tolerance exhibited by this compound. In addition to being 
technologically important, a basic study of the structure-property relations in this compound will be 
beneficial to understanding the behavior of the entire class of layered ternary carbides and nitrides. 
There are over 60 of these identified to date. During this work we conducted and successfully completed 
an extensive investigation of the mechanical response at two different length scales – macro (simple 
compression tests) and micro scale (nano-indentations). Additionally, we also completed extensive 
investigations on graphite. Our measurements revealed several unique features that are common to both 
of these layered materials, in comparison to other conventional ceramics. Our studies have revealed that 
the reversible, rate-independent, hysteretic stress-strain curves exhibited is attributable to incipient kink 
banding, which at higher stress levels (or temperatures) leads to irreversible deformation caused by 
formation of kink bands. Remarkably, the hysteretic energy dissipated in each cycle in the MAX phases 
can be as high as 25% of the elastic stored energy. 
14.  SUBJECT TERMS 
              
           

15.  NUMBER OF PAGES 
                         
                    

           
            

16.  PRICE CODE 
        
          

17.  SECURITY 
CLASSIFICATION 
       OR REPORT 

UNCLASSIFIED 

18. SECURITY 
CLASSIFICATION 
       ON THIS PAGE 

UNCLASSIFIED 

19.  SECURITY  CLASSIFICATION 
       OF ABSTRACT 

UNCLASSIFIED 

20.  LIMITATION OF  
ABSTRACT 

 
UL 

NSN 7540-01-280-5500          Standard Form 298 
(Rev.2-89)             Prescribed 

by ANSI Std. 239-18                                                     298-102   
 



 
 

Final Report 
 
Submitted to:    Dr. David M. Stepp 

U.S. Army Research Office 
AMSRL-RO-PM (Materials Science Division) 

 
Grant Title: Micromechanical Origins and Design Implications of Damage Tolerance in Ti3SiC2 
 
Statement of the Problem Studied 
 
In this project we systematically investigated the microstructural and atomic origins of the mechanical 
properties exhibited by Ti3SiC2 at two different length scale-macroscale and microscale at room and 
elevated temperatures. The focus was on the micro-mechanisms of inelastic deformation and their 
contribution to the damage tolerance exhibited by this promising compound. In addition to being 
technologically important, a basic study of the structure-property relations in this compound will be 
beneficial to understanding the behavior of the entire class of layered ternary carbides and nitrides. 
There are over 60 of these identified to date.  
 
Summary of Our Most Notable Accomplishments  
 

During the past 3 years we published 19 refereed papers [1-19] in some of the highest impact factor 
journals including: Nature Materials (1); Appl.Phys. Lett. (1), Carbon (1), Acta Mater. (4), J. Appl. 
Phys. (1), J. Mater. Res. (1), J. Electrochem. Soc. (4), J. Amer. Cer. Soc. (1), J. Alloys and Compds (3), 
and Scripta Mater. (1). As important the feature article and cover the July-August 2001 American 
Scientist was devoted to the MAX phases.  We discovered a new physical phenomena – fully reversible 
plasticity - that resulted in a paper in Nature Materials [8].  We also explored the deformation of 
graphite and conclusively showed that it too deformed by the formation of kink bands.  The importance 
of this discovery cannot be overemphasized because it finally explains the response of graphite to stress: 
a problem that until our work was not understood!  Given the large number of papers published we 
cannot discuss all of our findings; instead we highlight our most important findings‡.   
 
1. Polycrystalline samples of Ti3SiC2 have been loaded cyclically in simple compression to stresses of 

about 1 GPa and strains of about 0.6% and they fully recovered upon the removal of the load, while 
dissipating about 25% of the mechanical energy.  The stress-strain curves at room temperature 
outline fully reversible, reproducible, rate-independent, closed hysteresis loops that are strongly 
influenced by grain size, with the energy dissipated being significantly larger in the coarse grained 
material. At temperatures higher than 1000 °C, the stress-strain loops are open and the response 
becomes strain rate dependent. Cyclic hardening is observed at 1200 °C, for both fine and coarse-
grained samples. This hitherto unreported phenomenon is attributed to the fully reversible formation 
and annihilation of incipient kink bands in room temperature deformation. At higher temperatures, 
the incipient kink bands dissociate and coalesce to form regular kink bands that are no longer 
reversible. (Ref. 8) 

                                                 
‡ Please note it is possible to download most of the papers listed below in pdf format at 
http://www.materials.drexel.edu/faculty/Barsoum/index.htm. 
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2. We documented for the first time the load vs. depth-of-indentation response of Ti3SiC2 surfaces 
loaded with a 13.5 µm spherical tipped diamond indenter up to loads of 500 mN. Using orientation 
imaging microscopy (OIM), two groups of crystals were identified; one in which the basal planes 
were parallel to, and the other normal to, the surface. Not surprising for such a highly plastically 
anisotropic material, the response was anisotropic and comprised of two regimes. At higher loads 
(200-500 mN), delaminations occurred when loaded parallel to basal planes, and microcracking 
occurred when loaded normal to the basal planes. At lower loads (5 to 200 mN), the response was 
unique to Ti3SiC2 and resulted in almost fully reversible, closed hysteresis loops. Subsequent 
repeated (up to 5) loadings on the identical location not only resulted in fully reversible, reproducible 
hysteresis loops, but also caused a hardening of the indented volume. This response is attributed to 
the formation of incipient kink bands, followed by formation of regular kink bands. Remarkably, 
these dislocation-based mechanisms allow repeated loading of Ti3SiC2 without damage, while 
dissipating significant amounts of energy during each cycle. Also, the measurements of energy 
dissipated per cycle per unit volume from these experiments showed excellent agreement with the 
corresponding measurements from the simple compression tests described earlier, suggesting that the 
same underlying mechanisms continue to operate in this material even at the very high stress levels 
typical of the indentation experiments.  (Ref. 1) 

3. We documented the response of graphite single crystals to both a spherical and a Berkovich diamond 
indenter applied normal to the basal planes.  The load vs. depth-of-indentation curves for the 
spherical indenter depended on load.  At the lowest loads (≈ 5 mN), fully reversible hysteresis loops 
are observed.  At intermediate loads (≈ 6-200 mN) the first loops are almost fully reversible, and 
subsequent loops, in the same location, are not only fully reversible and reproducible, but also show 
hardening of graphite. At the highest loads (200–400 mN), significant (up to 60 µm) pop-ins are 
recorded, signifying delaminations, basal bond rupturing and massive damage.  For the most part, no 
traces of the indentations made at loads up to 100 mN were found.  In the 100-200 mN range, the 
indentations resulted in subtle crack patterns on the surface. At higher loads, the indentations lead to 
the formation of craters on the surface. The response to the Berkovich indenter is similar, except the 
various stages are shifted to lower loads.  Since these observations are qualitatively almost identical 
to those for Ti3SiC2 - which is also a layered hexagonal material - they can be explained by the same 
mechanisms, namely, the formation of fully reversible incipient kink bands at the lower loads, and 
their dissociation into regular kink bands – that in turn leads to hardening - at higher loads.  The 
presence of only basal slip, which precludes formation of dislocation entanglements, etc., results in 
the reversible to-and-fro motion of dislocations across considerable distances, which in turn results 
in the dissipation of significant amounts of energy during each cycle.  Direct microstructural 
evidence was obtained for: i) the formation of kink bands; ii) the formation of a very large number of 
subgrains under the indenter and, iii) massive lattice rotations engendered by the formation of kink 
bands.  These results very strongly suggest that kink bands play a much more important role in the 
deformation of graphite than had previously been reckoned. (Ref. 2) 

4. The construction of a tensile deformation (“Ashby” type) map for Ti3SiC2 in the 1000 to 1200 °C for 
both fine (4 µm) and coarse (100 µm plate-like grains, 5 µm thick) grained samples of Ti3SiC2. This 
entailed determining the constitutive equations for the tensile response for both microstructures as a 
function of strain rate. Over 200 individual tensile tests were carried out (Ref. 10)  

5. Established that the strain rate exponent for both the fine and coarse-grained samples are quite high 
(≈ 0.5).  At high strain rates, Ti3SiC2 is brittle; at lower strain rates considerable (up to 25% tensile 
strains at 1200 °C in air) deformation is possible.  Since the strain rate exponent values are 
comparable to those of superplastic solids with grain sizes at least one order of magnitude smaller 
than the ones tested by us, the mechanism responsible for the strain rate sensitivity must be a new 
one. (Refs. 3, 10 and 14) 

6. More interesting is the grain size exponent; the creep rate of Ti3SiC2 is a weak function of grain size 
(grain size exponent <1). This fact rules out diffusion and Coble creep.  Of the remaining possible 



mechanisms, the only ones that are consistent with our results are dislocation and grain boundary 
sliding. The evidence for dislocation creep despite exponents of < 3 is confirmed. More work is 
needed to conclusively prove grain boundary sliding. (Refs. 3, 10 and 14) 

7. Determined conclusively that the mechanical response of Ti3SiC2 at temperatures close to the 
ductile-to-brittle transition (BDTT) ( ≈1100 °C) is dominated by stress relaxation processes;  if the 
relaxation rate is rapid relative to the rate of accumulation of stresses the response is ductile, and 
vice-versa. (Refs. 3, 10 and 14) 

8. Measured the times to failure and correlated them to the minimum creep rates via the Monkman 
Grant equation. (Ref. 10).  We also showed that up to about 2 % strain to failure can be 
accommodated by plastic deformation alone.  Above that, the strain is mostly due to cavitation and 
microcracking. The strains to failure at the low stresses and temperatures can exceed 8 % in tension. 
(Ref. 14)   

9. Showed that the fracture toughness of Ti3SiC2 is quite high (8–11 MPa√m) and rises with crack 
extension to ≈ 15 MPa√m. The latter is a record for a non-transforming ceramic.  Most 
unexpectedly, but consistent with all other observations, the fracture toughness of Ti3SiC2 deceases 
above the DBTT.  This is unique to the MAX phases and results from the nature of the DBTT. (Refs. 
4 and 13). 

10. The fatigue resistance of Ti3SiC2 is excellent and ceramic like in that the crack extension stress 
intensity plots are quite steep.  The fatigue resistance is temperature independent up to 1100 °C 
(Refs. 4 and 13).   
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